OBJECTIVES: To clarify differences in postoperative changes in systemic and regional pulmonary functions between segmentectomy and lobectomy in patients with lung cancer, we compared the 2 procedures using lung perfusion scintigraphy with a fusion image of singlephoton emission computed tomography and computed tomography.
INTRODUCTION
Both segmentectomy and lobectomy have been used for surgical treatment of lung cancer; however, controversy remains regarding the difference between the procedures in preserving pulmonary function [1] [2] [3] [4] [5] [6] [7] [8] . Conflicting results on this topic in previous reports may be due to differences in lung volumes resected by segmentectomy, the timing for examining postoperative pulmonary function and whether characteristics of the patients were balanced between the procedures. To clarify differences in postoperative pulmonary function between segmentectomy and lobectomy, the pulmonary function test (PFT) must be conducted at a fixed time after surgery, and the 2 groups must be matched based on at least the site of the resected lobe.
Another issue is postoperative lung growth after major lung resection, because the postoperative pulmonary function has usually been reported to be higher than the predicted value [6, 9] .
This phenomenon has also been demonstrated after pneumonectomy in mice and is referred to as 'compensatory lung growth' [10, 11] . However, it remains unclear whether the postoperative increase of pulmonary function occurs similarly after segmentectomy and after lobectomy.
To compare the postoperative pulmonary function between segmentectomy and lobectomy, the measurement of regional function is important not only for a preserved lobe by segmentectomy but also for a non-operated lobe after both procedures. To measure the regional pulmonary function, the following methods have been used: (i) calculation of the number of 'subsegments' [12] ; (ii) computed tomography (CT) volumetry of the functioning lung [13] and (iii) lung perfusion scintigraphy with a fusion of single-photon emission computed tomography (SPECT) and CT [14, 15] . Of these, the perfusion SPECT/CT is reported to be the most accurate method for predicting postoperative pulmonary function [16] .
To assess the differences in postoperative changes in systemic and regional pulmonary functions between segmentectomy and lobectomy and also to clarify the differences in postoperative lung growth between the 2, we examined the results of the PFT and lung perfusion SPECT/CT before the operation and 6 months after the operation to measure the postoperative changes in functions of the whole lung, the ipsilateral lobe and the contralateral lung. To compare the effects of the 2 procedures on these functions, we conducted a propensity score match based on age, sex, smoking status and parameters for pulmonary function with an exact match for the site of the resected lobe. Although we recently reported that the left upper division segmentectomy did not differ from the left upper lobectomy in preserving pulmonary function [17] , this study did not exclude the left upper division segmentectomy to assess the differences between lobectomy and the various kinds of segmentectomies.
PATIENTS AND METHODS

Study design
The study was a retrospective matched cohort study of consecutively acquired data. The use of PFT and perfusion scintigraphy with SPECT/CT before and after major lung resection was approved in 2012 by the ethics committee of the Kameda Medical Center (approval number: 12-085), which is an educational and cancer designated hospital, where more than 150 patients with lung cancer are treated per year by surgery.
Data source
Between January 2013 and June 2016, 417 patients who had a major lung resection were scheduled to have a PFT and perfusion SPECT/CT scans before surgery and 6 months after surgery. The postoperative PFT and perfusion SPECT/CT scans were conducted 6 months after surgery, because we reported previously that the postoperative pulmonary function continues to recover for 6 months after surgery and then becomes stable [18, 19] .
Eligibility
The inclusion criterion for a preoperative PFT and the SPECT/CT scans was lung cancer treated by major lung resection. The exclusion criteria for postoperative examinations were tumour recurrence, pulmonary complications after surgery and another disease that occurred postoperatively that could affect pulmonary function. Written informed consent was obtained from all patients.
Exclusion criteria for this study
To compare the postoperative changes in pulmonary functions between segmentectomy and lobectomy, patients treated with induction chemoradiotherapy, lung resection of another lobe, right middle lobectomy, bilobectomy and previous lung surgery were excluded. Patients treated with postoperative adjuvant chemotherapy were not excluded if the chemotherapy was completed within 6 months after the operation, when the postoperative PFT and the perfusion SPECT/CT scans were conducted.
Outcomes
The primary outcome for the study of pulmonary function was the postoperative changes in whole lung function [forced expiratory volume in 1 s (FEV 1 )] after segmentectomy and lobectomy. The secondary outcomes included the postoperative changes in regional lung functions (FEV 1 ) in each group.
Indication for segmentectomy
Because we and several other authors have reported the diseasefree survival and overall survival rates after segmentectomy as well as those after lobectomy for peripheral non-small-cell lung cancer with clinical T1aN0M0 and T1bN0M0 [20, 21] , those patients were candidates for segmentectomy in this study if the patient requested the segmentectomy after being informed about the procedure, including the risk of postoperative local recurrence due to segmentectomy.
Surgical procedure
Segmentectomy was performed under anterolateral or limited lateral thoracotomy as described previously [22] . The intersegmental plane was usually cut by electrocautery along the intersegmental vein in shallow lung tissue, then by a stapler in the deep tissue. Lobectomy was performed under anterolateral or limited lateral thoracotomy or thoracoscopic surgery as described previously [23] . Because we reported previously that the type of thoracic approach, i.e. the open thoracotomy versus the thoracoscopic approach, did not affect the postoperative pulmonary function [24] , we did not include the thoracic approach for propensity score matching variables.
Perfusion single-photon emission computed tomography/computed tomography
Each patient received 185 MBq of 99m Tc-macroaggregated human serum albumin (Daiichi Radioisotope Laboratories Ltd, Tokyo, Japan) administered intravenously. Perfusion scintigraphy images and CT images were obtained using a SPECT scanner with a variable-angle digital gamma camera (E.CAM; Toshiba, Tokyo, Japan) and a 64-multidetector-row CT scanner (Aquilion One; Toshiba, Tokyo, Japan), respectively. Each image was fused using AZE Virtual Place Raijin software (AZE Ltd, Tokyo, Japan).
Pulmonary function test
Forced vital capacity and FEV 1 were measured using a dry rolling-seal spirometer (CHEST AC-8800; CHEST Ltd, Tokyo, Japan). The %FEV 1 was calculated as measured FEV 1 /predicted FEV 1 Â 100 (%). The predicted normal values of FEV 1 were determined using the formulas of Berglund et al. [25] .
Measurement of functions of lobe and contralateral lung
Images of the lobe and contralateral lung were traced on the SPECT/CT, of which the radioisotope was counted as reported previously [17] (Fig. 1) . The FEV 1 of each region was calculated according to the following formula: FEV 1 on PFT Â (radioisotope count of region/radioisotope count of whole lung).
Statistical analysis
A logistic regression analysis was used to compute the propensity score for the selection of lobectomy or segmentectomy in each subject from the pretreatment variables, including age, sex, smoking status, FEV 1 , FEV 1 /forced vital capacity and %FEV 1 , which were associated clinically with the primary outcome [26, 27] . Tumour size was not included in the propensity score estimation because of the fundamental difference in the surgical indications (segmentectomy or lobectomy) for the tumour size. Propensity score matching with an exact matching on the site of the resected lobe selected 1:1 matched subjects from the 2 groups. The match balance between the groups was assessed with the absolute standardized mean differences of all variables included in the propensity score estimation and was considered appropriate if none of the absolute standardized mean differences exceeded 0.1. Allowable calipers used for the matching were 1.0 multiplied by the standard deviation of the logit-transformed propensity score. Differences of values between the segmentectomy and lobectomy groups and between the preoperative and postoperative values in each group were analysed by the Wilcoxon signed-rank test. The values of P < 0.05 were accepted as significant. To eliminate the confounding bias of tumour size between segmentectomy and lobectomy for evaluating the primary outcome, a sensitivity analysis with linear regression analysis was conducted for adjustment of tumour diameter in the propensity score-matched data. Descriptive statistics and predictive statistics in the text and table are given as mean ± standard deviation and mean with 95% confidence intervals, respectively. The propensity score matching analysis and sensitivity analysis were done on R 3.3.2 statistical analysis software (R Foundation of Statistical Computing, Vienna, Austria); all other analyses were performed on SPSS 24.0 software (IBM Ltd, New York, NY, USA).
RESULTS
During the study, 417 patients with lung cancer were treated by segmentectomy (n = 192), lobectomy (n = 220) or pneumonectomy (n = 5) (Fig. 2) . All the patients consented to participate in the study and were examined by a preoperative PFT and perfusion SPECT/CT 18 ± 12 days before the operation (median 15 days). Of the 192 patients treated by segmentectomy, 8 patients were not examined after the operation because of recurrence (n = 3), postoperative pleuritis (n = 3) and other postoperative diseases affecting pulmonary function (n = 2). Of the 220 patients treated by lobectomy, 12 patients were not examined after the operation because of recurrence (n = 5), operation-related death (n = 4), postoperative pleuritis (n = 2) and lost to follow-up (n = 1). As a result, 184 patients treated by segmentectomy and 208 patients treated by lobectomy were examined with a PFT and SPECT/CT both before the operation and 7 ± 2 months after the operation (median 6 months). Of the 184 patients treated by segmentectomy, 41 patients were excluded because of additional lung resection (n = 22), previous lung surgery (n = 11), induction chemoradiotherapy (n = 6) and asthma (n = 2). Of the 208 patients treated by lobectomy, 99 patients were excluded because of induction chemoradiotherapy (n = 64), right middle lobectomy (n = 18), additional lung resection (n = 7), previous lung surgery (n = 7) and bilobectomy (n = 3). As a result, 143 patients treated by segmentectomy and 109 patients treated by lobectomy were candidates for matching.
A propensity score matching with exact operated lobe site matching selected 103 patients each from the segmentectomy and the lobectomy groups ( Table 1 ). All of the absolute standardized mean differences in age, sex, smoking status, lobe site and the preoperative pulmonary functions between the 2 groups were less than 0.1. Tumour size, which was not matched between the 2 groups, was significantly larger in the lobectomy group than in the segmentectomy group (P < 0.001). The mean number of subsegments resected by segmentectomy was 2.9 ± 1.4. The segmentectomy group included 6 (6%) patients treated with a left upper division segmentectomy and 1 (1%) patient treated with a basal segmentectomy. The detailed procedures for segmentectomy are listed in the Supplementary Material, Table S1. Figure 3 shows the postoperative changes in whole lung function (percentage of postoperative to preoperative FEV 1 found in the PFT), i.e. 95 ± 10% after segmentectomy and 87 ± 11% after lobectomy. The postoperative whole lung function was significantly more preserved after segmentectomy than after lobectomy (P < 0.001). Although the patients who underwent lobectomy had larger tumour diameters than those who underwent segmentectomy (P < 0.001), the sensitivity analysis showed that the postoperative changes in whole lung function was consistent before and after adjustment for tumour size, i.e. +8.1%, 95% confidence interval (5.2-10.9%) in the crude propensity score-matched analysis vs +8.7%, 95% confidence interval (5.5-11.9%) in the propensity score-matched analysis after adjustment for tumour diameter. The postoperative changes in whole lung function after segmentectomy and lobectomy in each lobe were as follows: 100 ± 12% vs 88 ± 8%, respectively, in the right upper Fig. S1A-D) .
The FEV 1 of the operated lobe was preserved by 0.25 ± 0.14 l, i.e. 48 ± 21% of the preoperative lobe function, in the segmentectomy group. Figure 4 shows the preoperative and postoperative FEV 1 values of the contralateral lung, i.e. 1.13 ± 0.33 l and 1.23 ± 0.33 l in the segmentectomy group and 1.14 ± 0.33 l and 1.30 ± 0.37 l in the lobectomy group, respectively. Both groups showed a significant increase in the function of the contralateral lung after surgery (P < 0.001). There was no significant difference in the percentage of postoperative to preoperative values between the segmentectomy and lobectomy groups (111 ± 17% and 115 ± 16%, respectively, P = 0.08). Figure 5 shows the preoperative and postoperative FEV 1 values of the ipsilateral non-operated lobe, i.e. 0.61 ± 0.25 l and 0.65 ± 0.25 l in the segmentectomy group and 0.67 ± 0.25 l and 0.67 ± 0.28 l in the lobectomy group, respectively. Although the segmentectomy group showed a significant increase in the value after the operation (P = 0.003), the lobectomy group did not show a difference between preoperative and postoperative values (P = 0.97). Although the preoperative value in the lobectomy group seemed to be higher than that in the segmentectomy group, the difference did not reach the level of statistical significance (P = 0.055). Figure 6 shows the preoperative FEV 1 of the operated lobe, i.e. 0.53 ± 0.20 l in the segmentectomy group and 0.46 ± 0.19 l in the lobectomy group. The segmentectomy group shows a significantly higher value than the lobectomy group (P = 0.014). The percentage of preoperative operated lobe function to whole lung function was also significantly higher in the segmentectomy group than in the lobectomy group (23 ± 6% and 20 ± 7%, respectively, P = 0.001).
COMMENT
This study provides data supporting the following points: (i) segmentectomy preserved the whole lung function better than lobectomy; (ii) segmentectomy preserved approximately half of the function of the operated lobe; (iii) contralateral lung function increased after both procedures; (iv) ipsilateral non-operated lobe function increased after segmentectomy but not after lobectomy and (v) preoperative function of the operated lobe was higher in the segmentectomy group than in the lobectomy group.
Several reports have demonstrated the advantage of segmentectomy over lobectomy for preserving pulmonary function [3, 4, 6, 7] ; however, in these studies, the patients were not matched on various factors that could affect outcomes. Recently, Deng et al. [8] , using propensity score matching, reported no significant difference in postoperative pulmonary function between segmentectomy and lobectomy. They matched the 2 groups with a 1:3 ratio based on age, sex, smoking status, body mass index, lung side and lobe site. However, their sample size was not large, i.e. 17 patients in the segmentectomy group and 51 patients in the lobectomy group.
This study compared 103 patients each in the segmentectomy and lobectomy groups after propensity score matching and showed the advantage of the former over the latter in preserving pulmonary function. We attributed the results to the following factors: (i) segmentectomy preserved nearly half of the function of the operated lobe and (ii) ipsilateral non-operated lobe function increased significantly after segmentectomy but not after lobectomy. These 2 points are demonstrated in Fig. 7 .
Pulmonary function after lung resection has been reported to be higher than the predicted value [6, 9] . This phenomenon, also confirmed after pneumonectomy in mice, is caused by lung expansion and alveolar increase of the contralateral lung [10, 11] ; it is referred to as 'compensatory lung growth'. This study showed the postoperative increase of function in the contralateral lung both after segmentectomy and lobectomy, which would be the result of compensatory lung growth. The postoperative increase in function was also observed in the ipsilateral non-operated lobe after segmentectomy but not after lobectomy, which could be explained as follows: (i) compensatory lung growth could already have occurred in the ipsilateral non-operated lobe in the lobectomy group before the operation due to the decreased function in the operated lobe caused by the large tumour, resulting in no space for postoperative lung growth and (ii) the anatomical excursion of the ipsilateral non-operated lobe after lobectomy. The anatomical excursion of the non-operated lobe is usually more significant after lobectomy than after segmentectomy. For example, it is well known that a right upper lobectomy decreases the function of the middle lobe due to anatomical excursion, which causes the middle lobar bronchus and pulmonary artery to kink [5, 28] . We consider that other lobectomy procedures would also adversely affect the function of the preserved lobe because of anatomical rearrangement after surgery, which could explain why the postoperative increase of function was not observed in the ipsilateral lung after lobectomy.
We recently reported that postoperative pulmonary function after left upper division segmentectomy is similar to that after left upper lobectomy [17] . Although this study included segmentectomy of the left upper division, the result still showed the advantage of segmentectomy. We consider that it is due to the small number of left upper division segmentectomies, i.e. only 6 (6%) patients in the segmentectomy group.
One limitation of this study was the fact that the tumour size was not matched between the 2 groups because of different surgical indications for tumour size between segmentectomy and lobectomy, resulting in a larger tumour size in the lobectomy group than in the segmentectomy group. It is believed that patients with large tumours have a greater likelihood of having a lobectomy and have lower preoperative pulmonary function compared with those with small tumours. However, the sensitivity analysis for the propensity score-matched data showed that the difference in tumour diameter between the groups did not affect the difference in postoperative changes in whole lung function between them. A final conclusion should be determined by the results from a currently running randomized controlled trial, i.e. JCOG0802/WJOG4607L [29] .
The advantage of segmentectomy over lobectomy for preserving postoperative pulmonary function in this study was based on our segmentectomy technique, whereby the intersegmental plane was usually cut by electrocautery along the intersegmental vein in shallow lung tissue, then by a stapler in the deep tissue [22] . On the basis of data from our experiments using pig lung, we reported previously that using a stapler alone for cutting the intersegmental plane reduced the volume of preserved lobe compared with cutting it by electrocautery alone or by combining the methods [30] . We hope that the widely used method of using the stapler alone for cutting the intersegmental plane will not affect the postoperative function of the preserved lobe in the randomized controlled trial mentioned previously.
CONCLUSION
We conclude that segmentectomy can preserve pulmonary function better than lobectomy, because it not only preserves the lobe but also increases the function of the ipsilateral non-operated lobe. The postoperative increase in regional lung function was observed in the contralateral lung after both procedures and in the ipsilateral non-operated lobe after segmentectomy, which could come from the compensatory lung growth.
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